The species Cecropia pachystachya has important medicinal purposes and its leaves have been used in pharmaceutical research, so the drying of this product may help maintaining its chemical properties and ensure safe storage. Thus, the objective of this study was to select mathematical models to represent the drying kinetics of Cecropia pachystachya leaves, determine the effective diffusion coefficient and obtain the activation energy during drying at different temperatures. Leaves were dried in an oven under five temperature conditions (40, 50, 60 and 70 °C), until reaching hygroscopic equilibrium moisture content. Among the models analyzed, the Logarithmic model best represented the drying kinetics at temperatures of 40 and 60 °C, whereas Modified Henderson & Pabis and Dryceleaves represented temperatures of 50 and 70 °C, respectively. The effective diffusion coefficient increased with increasing air temperature, and the activation energy for liquid diffusion in the drying process was 64.53 kJ mol-1.
INTRODUCTION
Cecropia pachystachya, popularly known as 'embaúba' in Brazil (Costa et al., 2011) , is a medium size, pioneer tree of the Urticaceae family, with height from 4 to 8 meters. It prefers shaded, humid sites and has simple alternate leaves with 8 parts of 40 cm, on average (Salman et al., 2008) , with fast growth. Several studies using the Urticaceae family have been carried out due to its diversity of more than 2000 species and multiple medicinal uses. C. pachystachya became even more important for research due to the recent full characterization of its chloroplast DNA performed by Wu et al. (2017) , which facilitates its use in studies related to the Urticaceae family, being very relevant in the most diverse areas of biology and medicine.
Five species of the genus occur in Brazil: Cecropia glaziou Sneth, C. hololeuca Miq, C. pachystachya Trécul, C. purpurascens Berg and C. sciadophylla Mart. C. pachystachya, popularly known as 'embaúba' , which may reach 7 m in height with trunk diameter ranging from 15 to 25 cm (Bocchese et al., 2008) .
C. pachystachya leaves have been widely studied aiming at new pharmaceutical products intended for the treatment of several diseases, through their antipathogenic compounds (Brango-Vanegas et al., 2014; Souza et al., 2014) , functions such as antidepressant and protection from oxidative stress (Ortmann et al., 2016) , anti-inflammatory and antioxidant, which can be attributed to the presence of phenolic compounds (Pacheco et al., 2014) , more specifically flavonoids (Talhi & Silva, 2012) .
Drying of products with medicinal and pharmacological potential aims, among other aspects, to prepare them for safe storage, reduce enzymatic degradation, maintain chemical properties and operationalize their use in the industrial production with volume reduction (Goneli et al., 2014; Martins et al., 2015; Gasparin et al., 2017) . Drying is also known as a process that extends the consumption period of plant materials (Horuz et al., 2017) .
Various drying conditions should be tested to adjust the characteristics of each product during moisture content reduction, and theoretical mathematical models have been constantly used in literature to predict this phenomenon (Silva et al., 2017a; Maciel et al., 2017; Sonmete et al., 2017) .
Given the above, this study aimed to select mathematical models capable of representing the drying kinetics of C. pachystachya leaves, as well as to determine and evaluate the effective diffusion coefficient, in addition to obtaining the activation energy for the drying process at different air temperatures.
MATERIAL AND METHODS
The experiment was conducted at the Laboratory of Post-harvest of Plant Products of the Federal Institute of Goiás -Campus of Rio Verde, using C. pachystachya ('embaúba') leaves collected from trees located in the preservation area of the campus at coordinates 17°48'3.52"S, 50°54'27.33"W, and mean altitude of 720.0 m a.s.l., deposited in the herbarium of the Federal Institute of Goiás -Campus of Rio Verde under number 1009 and identified by specialist PhD. André Luiz Gagliote.
Leaves were collected from the third middle of trees, between 6 and 7 a.m., time of maximum leaf turgor, and stored in plastic bags full of CO 2 , in order to inhibit water loss during transportation from the collection site to the processing laboratory. The plant material was subjected to cleaning and weighing prior to drying, using an analytical scale, with 0.01 g resolution, determining the wet weight of samples and weight of containers. Containers consisted of perforated metal trays with diameter of 28.0 cm.
Three leaves per replicate were used due to the large leaf area of the species, with 3 replicates per temperature condition during drying in oven with forced air circulation, regulated at 40, 50, 60 and 70 °C.
The gravimetric method was used to reduce the moisture content of C. pachystachya, with periodical weighing until hygroscopic equilibrium, when constant weight was achieved during the drying process. Before and after drying, moisture contents were determined by the method recommended by ASAE (2000), for fodder and leaves, in oven with forced air circulation at 103 ± 1 °C, for 24 hours. Room air temperature and relative humidity were monitored using a datalogger and the average relative humidity (RH%) inside the oven during the drying process was estimated by the GRAPSI v.8 software (Melo et al., 2004) .
Experimental data were used to determine the moisture content ratios (RX) using Equation 1 (Sharaf-Eldeen et al., 1980) .
where: RX = moisture content ratio of the product, dimensionless; X* = moisture content of the product, decimal (d.b.); X i * = initial moisture content of the product, decimal (d.b.); and X e * = equilibrium moisture content of the product, decimal (d.b.).
Then, mathematical models commonly used in literature to represent the drying kinetics of agricultural products, as well as the model proposed in the present study, called Dryceleaves (Drying of Cecropia leaves), were fitted to data, as described in Table 1. Models were fitted by nonlinear regression analysis using the Gauss-Newton method. Models were selected considering the magnitude of the following coefficients: determination (R 2 ), mean relative error (P) ( Equation 15) and mean estimated error (SE) (Equation 16), according to Smaniotto et al. (2017) . For P, value ≤ 10% was considered as the main criterion to select the models, as well established in studies related to the drying of biological products.
where: Y = experimental value; Ŷ = value estimated by the model; N = number of experimental observations; DF = degrees of freedom of the model (difference between number of observations and number of parameters of the model).
Akaike's Information Criterion (AIC) and Schwarz's Bayesian Information Criterion (BIC), represented by Equations 17 and 18 (Burnham & Anderson, 2004) , respectively, were used as complementary and discriminating indicators. These indices were calculated by the R statistical program, so that the lower the values found, the better the fits of the model used in the study. Table 1 . Mathematical models used to predict the drying phenomenon of agricultural products.
Model designation Model Equations References
Wang & Singh where: p = number of model parameters to be estimated; N = total number of observations; r = rank of matrix X (incidence matrix for fixed effects); and L = maximum likelihood estimator of error variance.
The effective diffusion coefficient for C. pachystachya leaves was obtained by means of the Infinite Slab model, with approximation of 8 terms, as represented in Equation 19 (Smaniotto et al., 2017) .
where The Arrhenius expression describes the ratio between diffusion coefficient (D) and the variation in drying temperature according to the following expression. In the drying process, the elevation of air temperature increases the speed with which water is removed from the material and, for Gomes et al. (2017) , this phenomenon is due to the increase in the difference of saturated air vapor pressure inside the plant product, resulting in water movement from inside the leaf to the drying air in a shorter period of time. This behavior has been reported in various studies, such as those conducted by Sahin & Öztürk (2016) Based on the mean relative error (P<10%) ( Table 2) , being an eliminatory statistical parameter, theoretical models with the lowest magnitude at temperature of (Darvishi et al., 2014; Camicia et al., 2015; Rosa et al., 2017; Moscon et al., 2017) . (Table 3) .
Considering P and SE, the Logarithmic model was the one that best represented the drying kinetics of Solanum lycocarpum A. St.-Hil leaves at temperatures of 40, 50 and 60 °C (Reis et al., 2012) and the Modified Henderson & Pabis was the best for Schinus terebinthifolius Raddi at temperatures of 40, 50, 60 and 70 °C (Goneli et al., 2014) , corroborating the present study, in which the drying kinetics was satisfactorily represented by the Logarithmic model at temperatures of 40 and 60 °C, and by the Modified Henderson & Pabis model at temperature of 50 °C.
For Van Boekel (2008) , the discrimination of models should be parsimonious and, when several models have reasonable fits, criteria such as Akaike's and Schwarz's Bayesian become useful tools to select the most efficient to predict a certain behavior. Thus, the AIC and BIC criteria were applied as a method to discriminate the most efficient model to represent the drying process of C. pachystachya at temperature of 40 °C, since several models have P<10%.
According to Table 4 , the Logarithmic model resulted in lower magnitude for AIC and BIC criteria, corroborating results found for the mean relative error. In addition, among the most adequate models for drying at 40 °C, this as the lowest number of parameters and is recommended to represent moisture content reduction in C. pachystachya at this temperature. Following the classification order, the next models were Two terms, Verma and Approximation of diffusion.
The models with the best fits, suggested in the present study, are graphically represented in the drying curves according to Figure 1 and their respective coefficients are presented in Table 5 . It is possible to observe that the chosen models had excellent adjustments with data observed in all drying air temperatures; it was also observed that as the drying temperature increased, the water removal rate also increased, which resulted in shorter drying times.
The diffusion coefficient (D) serves as an indicator of the speed with which water is removed from a product (Silva et al., 2017b) , which can be influenced by the increase in drying air temperature (Smaniotto et al., 2017) , and results in reduction of water viscosity, facilitating its removal from the capillaries of leaves.
An increase of D was observed as the drying air temperature increased during the drying of C. pachystachya leaves. Increments in D increased with increasing of air temperature (Figure 2A ), corroborating several studies that have reported the same behavior with increase in drying air temperature (Rodríguez et al., 2014; Dai et al., 2015; Silva et al., 2015; Akpinar & Toraman, 2016; Mghazli et al., 2017) . Figure 2B presents the relationship between effective diffusivity and temperature, expressed by the Arrhenius equation. Mghazli et al. (2017) , whereas in mint leaves, values ranged from 0.91 x 10 -11 to 10.41 x 10 -11 m 2 s -1 (Motevali et al., 2016 ) and in lemon from 2.61 x 10 -11 to 9.24 x 10 -11 m 2 s -1 (Tasirin et al., 2014 ). These results demonstrate effective diffusion coefficient values higher than those found in the present study, showing that C. pachystachya leaves have higher resistance to water loss from their inside to the drying air, compared to mint, rosemary and lemon leaves.
Such resistance is probably caused by the higher rigidity and thickness of C. pachystachya leaves, but Silva et al. (2017a) highlight the importance of also considering the chemical composition as a factor that influences diffusivity. The activation energy is the minimum energy value required for the diffusion process to occur (Camicia et al., 2015) and its different values in various products can be attributed to their physical and biological characteristics (Martins et al., 2015) . The activation energy for the drying of C. pachystachya leaves was Table 5 . Coefficients of mathematical models fitted to the drying of C. pachystachya leaves under different temperature conditions. , which is within the study temperature range, a result close to 63.17 kJ mol -1 , found for mint leaves (Motevali et al., 2016) , and 63.47 kJ mol -1 , found for lemongrass (Martinazzo et al., 2007) . In summary, all these results are important for understanding the drying process of C. pachystachya leaves in order to guarantee storage and processing in a safe way. 
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